We investigate the sensitivity of a search for the oscillating current induced by axion dark matter in an external magnetic field using optically pumped magnetometers (OPMs). This experiment is based upon the LC circuit axion detection concept of Sikivie, Sullivan, and Tanner [1] . The modification of Maxwell's equations caused by the axion-photon coupling results in a minute magnetic field oscillating at a frequency equal to the axion mass, in the presence of an external magnetic field. The axion-induced magnetic field could be searched for using an LC circuit amplifier with an OPM, the most sensitive cryogen-free magnetic-field sensor, in a room temperature experiment, avoiding the need for a complicated and expensive cryogenic system. We discuss how an existing magnetic resonance imaging (MRI) experiment can be modified to search for axions in a previously unexplored part of the parameter space. Our existing detection setup, optimized for MRI, is already sensitive to an axion-photon coupling of 10 −7 GeV −1 for an axion mass near 3 × 10 −10 eV, which is already limited by astrophysical processes and solar axion searches. We show that realistic modifications, and optimization of the experiment for axion detection, can probe the axion-photon coupling up to four orders of magnitude beyond the current best limit, for axion masses between 10 −11 eV and 10 −7 eV.
I. INTRODUCTION
The dark matter of the Universe presents one of the biggest unsolved mysteries in physics. The existence of dark matter is inferred from its gravitational effects. Observations from cosmology and astrophysics support the existence of dark matter, including the cosmic microwave background (CMB) power spectrum [2] , cluster and galactic rotation curves [3, 4] , gravitational lensing [5, 6] and large-scale structure formation [7] . The evidence converges on a Universe in which dark matter is a significant component, contributing more than 80% of the total matter content [8] . Many particle candidates have been proposed, including weakly interacting massive particles (WIMPs) [9] , axions [10] [11] [12] [13] , sterile neutrinos [14] , and others [15] . While many experimental efforts have been conducted, the nature of dark matter still remains unknown. The latest direct detection of nuclear recoils from WIMP-nucleus scattering has reached the cross section < 10 −46 cm 2 around the WIMP mass 10-100 GeV [16, 17] , which is very close to the neutrino floor due to the nuclear scattering by MeV solar neutrinos [18] .
The axion is a natural consequence of the Peccei-Quinn (PQ) solution to the strong CP problem of quantum chromodynamics (QCD) [10] , and was subsequently realized to be an excellent candidate for the dark matter of the Universe. The strong CP problem is the question of why the observableθ, which violates the discrete symmetry * Email address: pchu@lanl.gov † Email address: ldd@lanl.gov ‡ Email address: youngjin@lanl.gov operation of charge conjugation and parity (CP), is limited to be extremely small. The latest neutron electric dipole moment (EDM) measurement [19, 20] limitsθ to be less than 10 −10 . The PQ solution promotes the vacuum angle to a dynamical variable, which naturally relaxes to a small value after the associated, global U (1), PQ symmetry is broken [10] . The axion is the NambuGoldstone boson from the spontaneous breaking of the PQ symmetry. It acquires a very small mass due to instanton effects at the cosmological QCD phase transition [12, 13, 21] . Due to its massive and non-relativistic properties, the axion is a promising candidate for dark matter.
The traditional axion mass window is considered to be in the range from 10 −6 to 10 −2 eV, based on constraints from astrophysics and cosmology. The lower bound is based on not overproducing dark matter; however it assumes the axion field is initially far from the minimum of its effective potential (see e.g. Refs. [22] [23] [24] for detailed discussion). This is not necessarily true, and an initial position close to the minimum, prior to cosmological inflation, can lead to an axion mass much smaller than 10 −6 eV, and an abundance that meets cosmological bounds [25] [26] [27] . Additionally, string theory favors the energy scale at the Planck scale, which can result in very small axion masses [28] .
Sikivie, Sullivan and Tanner have proposed searching for these very light axions with an LC circuit coupled to a sensitive magnetometer [1] . We investigate the sensitivity that can be achieved using a detection system composed of an LC circuit and an optically pumped magnetometer (OPM), operated at ambient temperatures. The OPM, based on lasers and alkali-metal vapor cells, is the currently most sensitive cryogen-free magnetic sensor reaching femtotesla sensitivity [29] . We will show that we arXiv:1802.01721v5 [physics.ins-det] 22 Mar 2018 can search for dark matter axions in the mass range from 10 −11 to 10 −7 eV with a sensitivity to the axion-photon coupling up to 4 orders of magnitude beyond the current best limit achieved by the CERN Axion Slolar Telescope (CAST) experiment [30] . This represents an important search that can be conducted with existing technology, without the complication of a cryogenic system.
Axions possess model-dependent couplings to photons, electrons, and nucleons [15] . Many existing searches rely on the axion-photon coupling [31] , as does the proposed LC circuit approach [1] . We briefly summarize the theoretical background next.
The effective Lagrangian of the axion-photon interaction is
where
µναβ F αβ is its dual, A µ is the photon field, a is the axion field, and g is the axionphoton coupling. Here we use natural units with c = = µ 0 = 1. The axion-photon coupling leads to the following modified Maxwell equations [1] :
where ρ el and j el are electric charge and current densities associated with ordinary matter. In a static magnetic field, B 0 , axions can induce an electric current density, j a = −g B 0ȧ , according to Eq. 2. Here, ∇a is neglected due to the assumption that the axion field is homogeneous. The axion field, a = a 0 cos (ωt), oscillates at a frequency ω = m a where m a is the axion mass. Then j a can produce a minute oscillating magnetic field B a , perpendicular to the static magnetic field, through ∇× B a = j a . When the resonant frequency of the LC circuit is near the axion mass, the current induced in the pickup loop by B a will be amplified by the circuit and then sensitively measured by an OPM. If the dark matter consists entirely of axions, the dark matter density is equal to
[32] such that the amplitude of the axion field is a 0 = √ 2ρ DM /m a where ρ DM ≈ 0.3 GeV/cm 3 [15] , assuming the dark matter halo is in thermal equilibrium.
After the proposal of Sikivie, Sullivan and Tanner, it was also realized that the same setup without the applied magnetic field could be adapted to search for hidden sector photon dark matter [33, 34] .
II. EXPERIMENTAL METHOD
A schematic drawing of an experimental setup using an OPM is shown in Fig. 1 . The detection system is composed of two coils with a capacitor (LC circuit) to amplify the axion-induced AC magnetic signal and an OPM to detect the amplified signal. A solenoid produces a static magnetic field B 0 ; then the axion-induced magnetic field B a induces a voltage in a rectangular one-turn input coil (one turn is chosen to minimize the total inductance of the LC circuit), located inside the solenoid, and drives a current through a circular output coil which is detected by an OPM. In Fig. 1 , the applied field B 0 is in the vertical (z) direction, resulting in an axion-induced field B a in the azimuthal (φ) direction. The OPM Zeeman resonance frequency (Larmor frequency) should be matched approximately to the resonance frequency of LC circuit to get the best sensitivity. It should be noted that because B a is azimuthally symmetric for uniform B 0 , the input coil should cover only one side of the central axis of the solenoid.
The magnitude of the induced voltage in the input coil is V = ωΦ a , where Φ a is the magnetic flux through the input coil and ω is the operating angular frequency. This voltage drives a current in the LC circuit,
where L in and L out are the inductances of the input and output coils, respectively, C is the capacitance of the capacitor, and R is the total AC resistance of the LC circuit (lossy capacitor can increase the effective AC resistance of the circuit). Here the inductance of the capacitor is negligible. At the resonance of the LC circuit where ω = 1/ (L in + L out )C and with quality factor of the circuit,
This current generates a magnetic field in the center of the output coil
where r out and N out is the radius and the number of turns of the output coil, respectively. The OPM will measure the field B d with high sensitivity. Using cylindrical coordinates, (z, ρ, φ), B 0 = B 0ẑ , it follows that
and the magnetic flux through the input coil is
in /4, l in and r in is the vertical and horizontal length of the input coil, respectively. Substituting Eq. 8 to Eq. 7, we have the magnitude of the field B d
FIG. 1. Schematic drawing of the axion dark matter search using a LC circuit-OPM detection system. The OPM is simplified as a vapor cell. The output coil is positioned right above the vapor cell in order not to block the laser beams.
where we used the relation between the time derivative of the axion field and the axion density,ȧ 2 = 2ρ DM . Note that Eq. 9 is equivalent to Eq. 14 of Ref. [1] .
In addition to the field noise of the OPM, δB OPM , the dominant source of magnetic noise in the detection system is the Johnson noise in the LC circuit, δV J , which is the combined noise from two coils:
where k B is the Boltzmann constant, T in(out) is the temperature of input (output) coil, and R in (out) is the resistance of the input (output) coil. Here R out = ρ out l out /A wire where ρ out and A wire is the resistivity and the cross-section area of the wire of the output coil, respectively, and l out = 2πr out N out is the total length of the output coil. Note that this simplified calculation valid for low frequency has to be modified to take into account the losses from skin-depth and proximity effects. Litz wire can be used to reduce AC resistance closer to the DC resistance value. We propose to operate the detection system at room temperature, T in = T out , giving
The Johnson noise can be converted to the magnetic noise, δB J , by Faraday's law:
where A out is the cross-section area of the output coil. This equation shows that the magnetic Johnson noise de-
Schematic diagram of the preliminary detection system composed of a RF OPM and a LC circuit. The input coil is located inside a copper RF shield to reduce the ambient high frequency noise and the output coil and the OPM are located inside a ferrite shield to reach high field sensitivity of the OPM.
creases at higher frequency. The total magnetic noise of the detection system is given by δB d = δB 2 J + δB 2 OPM . Other possible sources of noise are either very small or can be highly suppressed. The ambient high-frequency noise can be eliminated by using a Faraday cage for its electrical component and a radio-frequency (RF) shield for its electro-magnetic component. The noise from the high-field solenoid might be low because the direction of its field is perpendicular to the sensitive direction of the input coil and it drops quickly with frequency. The noise due to non-orthogonality between the input coil and the field B 0 will be suppressed by a small deviation from 90 degrees. Acoustic or thermal expansion geometrical effects are also very small above kHz frequencies. Also, a gradiometer-type input coil can be used to eliminate the common noise: in Fig. 1 , another one-turn rectangular coil locates next to the input coil to cover the other side of the central axis of the solenoid where B a is in opposite direction (a first-order planar gradiometer), which doubles the B a signal, but cancels out the common magnetic noise. This configuration will double the inductance of the input coil, resulting in different optimal experimental parameters from those in the configuration in Fig. 1 .
A. Preliminary Study
As a preliminary study for the proposed axion search experiment, we investigated the sensitivity of a detection system composed of a RF OPM constructed at Los Alamos National Laboratory (LANL) [35] and a LC cir-cuit as shown in Fig. 2 . This system was originally developed for its application to magnetic resonance imaging (MRI) detection [35] ; hence its experimental parameters were optimized for MRI experiments. A time-varying magnetic field B a , induced by the axion when an external static magnetic field B 0 is applied by the Helmholtz coil, produces a voltage in the input coil (150 turns, a 7.5 cm diameter, a 0.83 mm copper wire diameter, a 493 µH inductance) located inside a copper RF shield and drives a current through the output coil (40 turns, a 5.5 cm diameter, a 0.25 mm copper wire diameter, a 344 µH inductance) which is detected by the RF OPM. The OPM and the output coil are located inside a lownoise (much lower than fT/ √ Hz [36] ) cylindrical ferrite shield (of 15 cm length and 10 cm diameter) to reduce the effects of the Earth's field, the external static fields, field gradients, and magnetic noise on the OPM. A capacitor added to the circuit increases the efficiency of flux transfer and selects a desired resonance frequency of the circuit, here 80 kHz.
The RF OPM consists of a 1 cm cubic potassium (K) vapor cell, a pump and a probe laser beams, optics of mirrors, lenses, a polarizer, a beam splitter, and a quarter wave plate (not shown), and two photodiodes (not shown). The circularly polarized pump beam is used to polarize K atomic spins and the linearly polarized probe beam is used to read out the state of the spins. The pump and probe beams intersect inside the vapor cell at 90
• , which establishes the active volume of the OPM. The action of the pump beam creates a source of a large number of 100% polarized electron spins in the vapor cell. The interaction of a weak external magnetic field with the polarized spins leads to changes in the orientation of the spins, which is detected through its effect on the light polarization of the probe beam via the Faraday effect. A RF tunable OPM of this type demonstrated a very high sensitivity, 0.2 fT/ √ Hz [37] . The OPM Zeeman resonance (Larmor frequency, 7 GHz/T in the case of K atomic spins) was tuned to 80 kHz by a bias magnetic field produced by a coil inside the ferrite shield (not shown). The Helmholtz coil, perpendicular to the input coil, produced B 0 = 2 mT; however in the future, the external magnetic field will be increased to tesla level in order to enhance the magnetic observable (see Eq. 9).
The total magnetic field noise of the detection system was measured to be δB d = 2 fT/ √ Hz as shown in Fig. 3 , limited by the magnetic Johnson noise, while the noise of the OPM was measured to be δB OPM = 1 fT/ √ Hz. A calibration coil generating a uniform calibration field at 80 kHz was mounted near the vapor cell in order to convert the measured OPM output voltage spectrum into the magnetic field spectrum. The flat noise spectrum indicates that external RF noise was sufficiently suppressed. During the measurements, we found that careful grounding of the detection system suppressed significantly external noise. Calibrated magnetic field noise spectrum of the preliminary detection system. The noise near 80 kHz was found to be at the level of 2 fT/ √ Hz. The large peak at 80 kHz is the calibration field. External RF noise is absent.
III. SENSITIVITY ESTIMATE
Our proposed experiment is based on redesign and optimization of the existing experiment for axion detection. A solenoid-type superconducting magnet with a 1 m bore diameter and a 3 m length, which can generate a 2 T magnetic field, is available in LANL. Based on this magnet and Ref. [1] , we propose optimal experimental dimensions of the experimental setup shown in Fig. 1 : B 0 = 2 T, l in = 1 m, r in = 0.3 m, r out = 1 cm, and b = 2 mm copper wire radius for the input and output coils. To maximize the axion-induced magnetic flux through the input coil, l in and r in should match the dimension of the bore of the magnet. The inductance of the input coil is estimated by [1] 
In addition, the inductance of the output coil is estimated by [1] L out ≈ r out N 2 out ln
In order to find the optimal value of N out , we substitute Eq. 13 and 14 to Eq. 9
. (15) The optimal N out is determined by maximizing B d , which happens at 2.0 µH = (2.1 × 10 −2 µH) × N Estimated magnetic field noise of the optimized detection system. The RF OPM with 1 fT/ √ Hz at kHz and MHz frequencies will be employed. The noise of the system is limited by the magnetic Johnson noise.
which can be reached at kHz and MHz frequencies at room temperature.
We estimate the noise of the optimized detection system δB d = δB 2 J + δB 2 OPM based on the experimental parameters. From Eq. 12, the magnetic Johnson noise is
where ν is the operating frequency. R in and R out is calculated to be 3.5 mΩ and 0.8 mΩ, respectively. We will use our RF OPM [35] with δB OPM = 1 fT/ √ Hz at high frequencies which we used in the preliminary study. Hence the estimated noise of the system is given by
(17) Figure 4 shows the estimated noise of the optimized detection system as a function of the frequency. This detection system loses sensitivity at the frequency range below about 50 kHz due to the magnetic Johnson noise, limiting the lower frequency range of this experiment at room temperature. In principle, the experimental sensitivity can be enhanced by a long measurement. The bandwidth of the optimized detection system is characterized by quality factor of its LC circuit, ∆ν = ν/Q, which leads to the bandwidth of the system ∆ν = 2.5 × 10 −3 ν. While our lower Q of 400 means less signal amplification than the high Q = 10000 of Ref. [1] , the larger bandwidth means that our system is able to scan the frequency range, and thus the axion mass range, 25 times faster. If it scans a factor of 2 in frequency per year and the duty factor is 30 % (using the same assumptions as Ref. [1] for comparison), the data integration time available at each tune of the LC circuit is 2.5 × 10 4 s. Thus, we can partially overcome the sensitivity loss of lower Q by using longer integration times, due to our greater bandwidth. Assuming the field noise of the detection system in B 0 = 2 T Parameters Preliminary data Ref. [1] is similar to what we estimated (Fig. 4) , the noise of the optimized detection system with the integration time t = 2.5 × 10 4 is given by
0.18
MHz ν 2 + 1 (18) where t c = 0.16 s(MHz/ν) is the signal coherence for the isothermal halo model (see Ref. [1] and Eq. A8 in [38] for the details). At ν = 80 kHz, δB d = 3.6 × 10 −16 T. Based on the optimized experimental parameters and Eq. 18, we can estimate the sensitivity of our proposed experiment to the axion-photon coupling g with Eq. 9,
where SNR is the signal-to-noise ratio, taken as 5 for axion detection [1] . We use Eq. 19 to compare the sensitivity of our proposed experiment with existing limits. The configurations investigated in Ref. [1] are the best possible that can be achieved with existing technology and magnets. This includes a high-Q, superconducting input loop, that is cryogenically cooled to 0.5 mK, and a high-field magnet. In Table I , we compare our sensitivity at 80 kHz to the configuration of Ref. [1] that is based on the 8 T magnet currently part of the Axion Dark Matter eXperiment (ADMX) [39] . The estimated limit of our experiment is of the order of 10 −14 GeV −1 while the Ref.
[1] configuration is on the order of 10 −16 GeV −1 . The main difference is that our detection system is non-superconducting and non-cryogenic, but this also means it is immune to some issues related to magnetic flux trapping, and is easier to operate, with low cost. Figure 5 shows our expected sensitivity, and that we will be able to set a new experimental limit on a signif- Frequency(Hz) FIG. 5 . Sensitivity to the axion-photon coupling, g, on the axion mass range. The region above the red line is excluded by the CAST experiment. The line labeled "Sikivie's Proposal" is the lower sensitivity bound of one of the proposed configurations from Ref. [1] using the caustic ring halo model. The purple line is the KSVZ model prediction for the QCD axion mass. Our proposed experiment is capable of searching for a dark matter axion signal in an isothermal halo with parameters above the blue line. The triangle is the measured sensitivity of the preliminary configuration discussed in the text, which was optimized for an MRI experiment, again using the isothermal halo signal.
icant axion mass range between 10 −11 eV and 10 −7 eV. The current best experimental bound is from the CAST experiment [30] , also shown in Fig. 5 . The current best astrophysical limits on the axion-photon coupling, from massive stars [40] and horizontal branch stars [41] , are of similar magnitude to the CAST experimental limit. Our sensitivity estimate uses the local density, and axion signal coherence time, of the isothermal halo model [42] . In Ref. [1] , axion detection under both the isothermal halo model and the caustic ring model are considered, and the sensitivity given in Ref. [1] uses the longer coherence, and higher density, of the caustic ring model [43] [44] [45] . Axion searches for signals predicted by the caustic ring model have increased sensitivity due to these factors, but require additional assumptions, and possible correction for the Earth's motion [46] [47] [48] [49] . A thermal component to the dark matter halo, such as in the isothermal model, still occurs if high-density caustics are present near Earth, and we use this simpler assumption in our sensitivity estimate. The KSVZ model for QCD axions [50, 51] is included for comparison in Fig. 5 .
Our sensitivity is mainly limited by the magnetic Johnson noise in the LC circuit. Our experiment has a lower sensitivity than the configurations proposed in Ref. [1] , but this is primarily due to lower Q of the LC circuit at room temperature. The upper end of the possible search range for our proposed experiment is limited by the stray capacitance in the LC circuit, as is the proposed experiment of Ref. [1] : assuming the stray capacitance is 15 pF per meter and the LC circuit is in 3 m length, the maximum resonance frequency that can be reached is estimated to be ν < 1/2π √ 4.1 µH × 45 pF = 10 MHz, using 2πν = 1/ √ LC.
IV. CONCLUSION
We have investigated the sensitivity of a proposed experiment to search for light-mass axion dark matter using a detection system composed of an RF OPM and a LC circuit, operated at room temperature. This experiment is based on the concept initially developed by Sikivie, Sullivan, and Tanner [1] , and realistic modification and optimization of an existing experiment. This experiment can explore the axion mass between 10 −11 eV and 10 −7 eV. The mass range is limited by the magnetic Johnson noise in the LC circuit, and the stray capacitance of the LC circuit. Our estimated sensitivity to the axion-photon coupling is up to 4 orders of magnitude better than the current best constraint [30] . Our proposed experiment can probe a significant range in the axion parameter space utilizing existing equipment such as a large-bore, 2 T magnet and an RF OPM, and represents a step forward in the search for axion dark matter that can be easily implemented in the near future.
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